Human language requires constant learning of new words, leading to the acquisition of an average vocabulary of more than 30,000 words in adult life. The ability to learn new words is highly variable and may rely on the integration between auditory and motor information. Here, we combined diffusion imaging tractography and functional MRI to study whether the strength of anatomical and functional connectivity between auditory and motor language networks is associated with word learning ability. Our results showed that performance in word learning correlates with microstructural properties and strength of functional connectivity of the direct connections between Broca's and Wernicke's territories in the left hemisphere. This study suggests that our ability to learn new words relies on an efficient and fast communication between temporal and frontal areas. The absence of these connections in other animals may explain the unique ability of learning words in humans.
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white matter | dorsal stream | ventral stream | diffusion tensor imaging L anguage is a unique human ability that has been suggested to depend on the evolution of direct connections between the temporal and frontal cortex for the integration of auditory and motor representation of words (1) . Auditory-motor integration, involving the mapping of sound into articulation, has been proposed to be important not only for auditory perception (2) and speech processing (3, 4) , but also for learning new words (1, 3, 5) . The auditory-motor integration theory of speech is based in part on the observation that patients with lesions affecting the arcuate fasciculus (AF) connecting temporal and frontal cortices, are impaired not only in phonological and word repetition but also in verbal short-term memory tasks (6, 7) . Moreover, stimulation of the premotor cortex with repetitive transcranial magnetic stimulation disrupts the capacity to discriminate between phonemes (8) . Similarly, learning new words is impaired if participants are engaged in the articulation of irrelevant sounds while they try to learn new ones (9) . These studies are supportive of a link between auditory and motor processes in word learning.
Auditory and motor areas communicate directly through the AF, a pathway that shows a progressively high degree of complexity along the phylogenetic scale (10) (11) (12) (13) . Axonal tracing studies in monkey have shown that the AF connects to more dorsal regions of the temporo-parietal cortex (11, 14) , whereas diffusion tensor imaging (DTI) studies in humans show a greater level of connectivity to auditory regions of the temporal lobe (10, 12) . On the basis of these anatomical differences between human and other species, it has been suggested that the evolutionary expansion of auditory-motor connections allowed humans to develop a system for auditory working memory critical for learning complex phonological sequences (1, 15) . There is, however, no experimental evidence so far that links the anatomy of the AF with word learning ability.
In the present study, we aimed to seek direct evidence of the role of the AF in auditory-motor integration and word learning. For that purpose, we explored the pattern of structural and functional connectivity between auditory and motor areas in both hemispheres as assessed by DTI-tractography and functional MRI (fMRI) as participants were learning words from fluent speech (Fig. 1A) .
In our study we have used a recently described model of the AF (10, 16) in which communication between temporal and frontal language areas is mediated by two parallel networks: a direct pathway (i.e., the long segment of the AF), which connects the posterior part of both superior [Brodmann area (BA) 22] and middle (BA 37) temporal gyrus (Wernicke's territory) with the inferior frontal gyrus (BA 44 and 45), the middle frontal gyrus (BA 46) and the premotor cortex (BA 6) (Broca's territory); an indirect pathway composed of an anterior segment connecting Broca's territory with the inferior parietal cortex (BA 39 and 40) (Geschwind's territory) and a posterior segment connecting Geschwind's with Wernicke's territories (Fig. 1B) . Our primary hypothesis was that word learning ability correlates with structural and functional connectivity of tracts directly connecting auditory and motor areas (i.e., long segment). Alternatively, previous evidence suggests that a ventral pathway running through the extreme capsule also connects the language areas (17) (18) (19) . This path connects the inferior frontal gyrus (BA 45/47) with the superior temporal gyrus (BA 22), inferior parietal (BA 39) and occipital cortices (BA 17, 18, and 19) (12, 18, 20) , and it has been claimed to be important for spoken-word recognition (21) . During auditory word learning, the ventral pathway may allow the categorization of words as familiar once they have been learned, a point that could be also crucial for successful learning. This pathway corresponds to the inferior frontooccipital fasciculus (IFOF), which was dissected bilaterally (Fig.  1B and Fig. S1 ).
(RD)] were measured along the reconstructed streamlines (22) (see Materials and Methods). The analysis was performed separately for the three segments of the AF (Fig. 1B and SI Materials and Methods) and the IFOF (Fig. 1B, Fig. S1 , and SI Materials and Methods) in both left and right hemispheres.
The word learning task involved two phases ( Fig. 1A and Materials and Methods). In the learning phase participants were asked to memorize artificially created words composed of three syllables presented in the form of a fluent speech stream (23) . The words were novel to the participants and had no semantic content. The learning task was performed in the MRI scan during the fMRI experiment. Immediately after the learning phase, participants were behaviorally tested and asked to recognize auditory presented words (recognition phase) (see Materials and Methods for further details). Word learning performances were measured using hit rates taking into account false alarms, calculating the d-prime (d′) index (24) , which reflects individual's ability to discriminate words presented in the artificial language from nonpresented words (nonwords) (SI Materials and Methods). One-sample t test against d′ = 0 (no discrimination) showed significant learning: t(24) = 2.74, P < 0.01.
Relationship Between Word Learning Performance and Tract Properties
of the AF and IFOF. After Bonferroni's correction for multiple comparisons, a statistically significant negative correlation was found between word learning performance and radial diffusivity (r = −0.6; P < 0.005) in the left long segment ( Fig. 2 and Table  S1 ). Correlations with the anterior and posterior segments were not statistically significant ( Fig. 2 and Table S1 ). There were no significant correlations with all three segments in the right hemisphere ( Fig. 2 and Table S1 ). These findings suggest that microstructural properties of the dorsal direct connections between temporal and frontal language regions in the left hemisphere correlate with individual abilities to learn new words. In addition, a lateralization index was calculated by counting the number of reconstructed streamlines within each segment of the AF for each hemisphere (Materials and Methods, SI Materials and Methods, and Fig. S2 ). In agreement with previous reports (16), the long segment was left lateralized, the anterior segment right lateralized, and the posterior segment symmetrically distributed (Fig. S2 and Table  S2 ). No significant correlation was observed between the lateralization of each segment of the AF and learning performance (Table S2) .
No statistically significant correlations were found between any of the DTI-derived measures and word learning scores for the IFOF of either hemisphere (Table S3) . Analysis of the lateralization indices showed a symmetrical distribution for the number of streamlines of the IFOF and a left lateralization of its FA ( Fig. S2 and Table S2 ). No significant correlation was found between the lateralization index of the IFOF and learning performance (Table S2) .
Relationship Between Word Learning Performance and Functional
Connectivity. Functional connectivity analysis was performed using the temporal correlation of the blood oxygen level-dependent (BOLD) response between the three regions of the perisylvian network connected by the direct and indirect segments of the AF on both hemispheres (Materials and Methods). Results showed that individual variations in the strength of the functional connectivity between the left temporal (Wernicke's territory) and frontal (Broca's territory) areas correlated with word learning performance (r = 0.42, P < 0.036) (Fig. 3A) . The strength of connectivity between right frontal and temporal regions or between the regions connected by the indirect segments in both hemispheres was not significantly correlated with performance (all P > 0.1). In addition, laterality analysis of functional connectivity between regions connected by each AF segment was also calculated (Materials and Methods and SI Materials and Methods). There was no significant correlation between the functional lateralization indices and word learning performance (all P > 0.09) (Table S4 ).
Relationship Between Structural and Functional Connectivity. Tractspecific measurements of single segments and strength of the functional connectivity between perisylvian areas were used to analyze possible correlations between anatomical and functional connectivity. We found no significant correlations between diffusion parameters and measures of functional connectivity (all P > 0.1).
Discussion
The present study combines tractography and fMRI in direct support of the role of the AF in word learning. Our main results suggest that both structural and functional measures of connectivity between temporal and frontal language territories in the left hemisphere predict word learning abilities. The fact that correlations for the indirect pathways were not significant suggests that the direct connections are crucial for auditory-motor integration in word learning. The direct connections of the AF could mediate fast interaction between auditory and motor areas in the left hemisphere, thus facilitating those feed-forward and feed-back exchanges of information that are required to phoneme categorization (25) as well as to create the motor codes of the new phonological sequences (4, 5) . Moreover, this sensorymotor circuit may provide the substrate for articulatory-based processes that allow keeping information active during working memory (26, 27) .
In addition, word learning did not correlate with any of the microstructural measures of the ventral IFOF, indicating that auditory-motor integration through the dorsal pathway is a critical function at these earliest stages of language learning. The ventral pathway may nevertheless play a greater role at later stages of learning, when auditory representations of learned words are consolidated by taking into account invariance properties after multiple encounters (28) , as well as once conceptual representations have been attached to the new words learned (29) . Furthermore it is possible that word learning through the ventral pathway could be mediated by other tracts that were not included in our analysis (e.g., the uncinate fasciculus) (30) .
A basic aspect of human language is its left-side lateralization (31). In our study, the correlation between language learning and the direct segment of the AF was exclusively found in the left hemisphere. This left lateralized relation was not relative to the characteristics of the right AF because lateralization indexes showed no correlation with word learning performance. Previous work found correlations between verbal memory for known words and the AF bilaterally (16) . Compared with our study, the previous study used a task that required a semantic recall strategy for real words, which is known to be associated with bilateral activation of fronto-temporal networks (32) . In contrast, no semantic component was present in our task, which was designed to have a purely phonological component and therefore to test a more simple auditory-motor integration strategy.
The present findings add unique insights into the relationship between brain morphology and language proficiency, previously explored by neuroimaging studies looking at the anatomy of single cortical regions. For example, the gray matter density of Broca's area has been found to correlate with the level of language proficiency (33) and the number of years of phonetic training in expert phoneticians (34) . Similarly, white matter density in left parietal regions (35, 36) and the superior temporal gyrus (36) predicts speech sound learning. Interestingly, a recent study has shown that changes in the cortical thickness of Broca's area and left superior temporal gyrus can occur even only after 3 mo of intensive language training (37) . On the other hand, the aforementioned findings, together with our results, contrast with retrospective studies showing an association between gray matter density in the posterior parietal cortex and vocabulary size of the first (38) and second language (39) . These findings suggest that learning and storing new words rely on different anatomical structures, the former on temporal-frontal regions, the latter on inferior parietal areas.
The correlation we found with structural measures of connectivity suggests that radial diffusivity is a sensitive index of white matter microstructural features underlying efficient cognitive processing. Several factors, like axon diameter, fiber packing density, number of axons, fiber cohesiveness, and myelin thickness may contribute to radial diffusivity signal (22) . Importantly, thicker myelin and larger diameter axons are correlated with increased conduction of action potentials through long association fibers (40) . A decrease in radial diffusivity [i.e., the average of the diffusivities along the two minor axes of the tensor model (41)], is likely to reflect increased myelination or increased axonal diameter (42) . Hence, the correlation reported in our study suggests that a possible explanation for the interindividual variability in word learning is a result of differences in the anatomy of direct connections between left auditory and motor areas. One could speculate that fibers with larger axons or greater myelination facilitate faster conduction of impulses, leading to better synchronization and information transfer between distant regions.
In addition, our results show that functional connectivity is an independent predictor of word learning performance. Several studies have focused on the physiological processes underpinning the fluctuations that are commonly observed in the BOLD response as measured by fMRI (43) (44) (45) . The BOLD signal is sensitive to changes in the oxygenation of the blood in a given area, which is associated to its increased neuronal activation (46) . In relation to neural activity, BOLD response fluctuations reflect more the input and local processing of an area rather than its output (i.e., spiking activity) (45) . Conversely, DTI is more Table S5 for peak activation coordinates.
sensitive to differences in white matter microstructure, such as axonal density, myelination, or fiber diameter (22) . These microstructural properties of fibers are likely to facilitate a faster signal conduction but they may not be related to integrative processes performed at the cortical level (47, 48) . Indeed, our results suggest that, although both functional and anatomical measures of connectivity are correlated to language-learning performances, a correlation between them should not be assumed.
Finally, the AF, taken as a possible anatomical substrate of auditory-motor integration, might represent a key step for language development. Comparative studies indicate that apes and monkeys have homologs for Broca's and Wernicke's areas in terms of gray matter (49, 50) connected by a dorsal and a ventral pathway (49) . However, the trajectory of the AF is different between species. Middle and inferior temporal gyri terminations from the inferior frontal gyrus are more prominent in humans than in macaques and chimpanzees (12, 13, 49) . In addition, the AF appears to show a greater modification in human evolution than the ventral fiber system of the extreme capsule (51) . Indeed, although humans and chimpanzees show a dominant connection between Broca's and Wernicke's territories through the AF, macaques show a predominant connection through the ventral pathway (13) . This latter path, involved in auditory object identification, is the one processing calls and vocalizations in these lower species (51). Interestingly, monkeys, which have a smaller AF compared to humans (11, 14) , are able to perform complex tactile and visual memory tests but these skills are lost in the auditory modality (52) . These findings suggest that the ability to integrate auditory-motor information confers some advantages in the manipulation of the representation of acoustic stimuli, thus allowing its storage in the long-term memory.
Ontogenetically, the AF develops slower than other associative pathways, including the ventral pathway (19) . The AF's terminations connecting with Broca's area show progressive development during childhood, still under development at the age of 7 y (53, 54). However, the connections with premotor cortex, those responsible to auditory-motor integration, can be tracked in newborns (19, 54) , suggesting a role in early language acquisition. Very early prelinguistic damage to the AF (55) induces delayed expressive language development and residual language difficulties remain even when within-normal levels of expressive language are reached later on through the available connectivity of the ventral pathway. Similar lesions after the age of 5 y (56) lead to preserved oral language, although with poor performance in nonword repetition, verbal working memory, and reading. In healthy adults, the use of articulatory suppression to block the use of the dorsal pathway interferes with word learning as well, and performance under this condition correlates with individual differences in the microstructural properties of the ventral pathway (9) . Taken together, the above studies indicate that lesions to the AF induce language-learning difficulties. Even when the ventral system can compensate for language learning, optimal performance cannot be reached after complete damage of the AF.
It is noteworthy that despite the differences in terminology, each of the three segments composing the AF in the model adopted in the present study have some correspondence to what has been previously described in the monkey brain using axonal tracing (11, 12) . The anterior segment corresponds to the third branch of the superior longitudinal fasciculus (SLF III); the long segment corresponds to the arcuate sensu strictu; and the posterior segment includes fibres of the middle longitudinal fasciculus. In this study we have used DTI instead of more advanced methods, such as high angular resolution diffusion imaging or diffusion spectrum imaging. These methods lead to greater number of false-positive streamlines in the AF reconstruction that need to be anatomically validated (57) 
In conclusion, the present results support the idea that the direct segment of the AF is crucial for word learning, most probably because of its relevance to auditory-motor integration. This study also sheds light on the origin of the large individual variability observed when learning a new language and gives support to the idea that anatomical brain connectivity constrains the nature of the information processed across brain regions (59) . The differences between humans and nonhuman primates in language learning might be related to the evolution of the AF, a pathway that has been shown to be structurally different in nonhuman primates, and that facilitates processing and manipulation of complex auditory information in humans.
Materials and Methods
Participants. Twenty-seven adult participants (mean age = 24.7 ± 4.6, 12 women) were recruited for the experiment. Participants were native Spanish speakers with no history of auditory problems. All participants in this study were classified as right-handed after completing the Edinburgh Handedness Inventory (mean 80.4 ± 20.4) (60). The ethical committee of the University of Barcelona approved the protocol and written consent was obtained from all participants. Participants were paid for their participation. Six participants were removed for the tractography analysis because of MRI acquisition problems and two participants were removed from the behavioral correlations because no behavioral data were obtained from them. The final sample resulted in 20 subjects for the behavioral-tractography correlations, 25 for the behavioral-functional connectivity correlation, and 21 for the tractography-functional correlations.
Language Learning Task Design. An artificial language-learning task was administered during fMRI scanning (Fig. 1A) through two runs. Eight different languages were built with each participant listening to two different languages. Languages were counterbalanced between subjects and were built by creating words composed of three syllables. Words were synthesized using the MBROLA speech synthesizer software (61) concatenating diphones at 16 kHz from the Spanish male database (http://tcts.fpms.ac.be/synthesis/). Languages were composed by nine different novel words built following Spanish phonotactic constrains. Each word had a 696-ms duration and brief pauses of 25 ms were inserted between them to introduce a prosodic cue marking words boundaries (62) . Words were presented in pseudorandom order (i.e., the same word was not repeated in succession) and in the form of a fluent speech stream. The material was similar to the one used in de DiegoBalaguer et al. (23) .
The task involved a learning phase and a test phase (Fig. 1A) . The learning phase consisted of four active blocks lasting 30 s, and included 42 word presentations each. Active blocks were alternated with resting blocks of 20 s duration where participants were asked to simply fixate their gaze on a cross that remained in the middle of the screen.
Participants were told that they would hear a nonsense language and that their task was to pay attention to it because they would be asked to recognize words of this language after listening. Immediately after the learning phase, participants were behaviorally tested (recognition phase). Isolated words were presented auditorily and participants were required to judge whether each word had appeared in the previously learned language stream. Test items could be previously presented words, or nonwords formed with the same three syllables but in an incorrect order (Fig. 1A) . Each test item appeared three times in each recognition phase. Responses were recorded using an MR-compatible response box containing two response keys (forefinger and middle-finger). Participants were required to press the left or right button, respectively, to judge whether the item was a word presented before or not. The experiment was run using the Presentation Software (www.neurobs.com). Stimuli were played through MRcompatible headphones.
MRI Acquisition. Images were acquired on a 3T MRI scanner (Siemens Magnetom Trio) with 40-mT/m gradients, using an acquisition sequence fully optimized for DT-MRI of white matter, with the following parameters: voxel size of 2.0 × 2.0 × 2.0 mm, matrix 128 × 128, 64 slices with 2-mm-thick and no gap, NEX 1, TE 88 ms, b-value 1,000 s/mm 2 , eight runs of 12 diffusionweighted directions and seven nondiffusion-weighted volumes, using a spinecho echo-planar imaging (EPI) sequence coverage of the whole head. DTI images were acquired before the fMRI sequence. High-resolution structural images [T1-weighted sequence: slice thickness = 1 mm; no gap; number of slices = 240; repetition time (TR) = 2,300 ms; echo time (TE) = 3 ms; matrix = 256 × 256; field-of-view (FOV) = 244 mm] were also acquired. Subsequently, functional images were obtained by using a single-shot T2*-weighted gradient-echo EPI sequence (slice thickness = 4 mm; no gap; number of slices = 32, order of acquisition interleaved; TR = 2,000 ms; TE = 29 ms; flip angle = 80°; matrix = 128 × 128; FOV = 240 mm).
DTI-MRI Tractography. Preprocessing of DTI data. Diffusion data were processed using Explore DTI (www.exploredti.com). Data were first preprocessed for eddy current distortions and head motion. For each subject the b-matrix was then reoriented to provide a more accurate estimate of diffusion tensor orientations (63) . Remaining artifacts caused by subject motion and cardiac pulsation were excluded from the analysis using RESTORE (64) to reject and correct outliers from diffusion-weighted imaging data. Diffusion tensor was estimated using a nonlinear least-squares approach (65) and FA and RD maps were calculated. Whole-brain tractography was performed using a b-spline interpolation of the diffusion tensor field and Euler integration to propagate streamlines following the directions of the principal eigenvector with a step size of 0.5 mm (66) . Tractography was started in all brain voxels with FA > 0.2. Tractography was stopped where FA < 0.2 or when the angle between two consecutive tractography steps was larger than 35°. This whole-brain approach ensures that tractography reconstruction is less dependent on the regions of interest (ROI) delineation. Finally, tractography data and diffusion tensor maps were exported into Trackvis (67) for manual dissection of the tracts. Tractography dissections. Virtual dissections of the AF and the IFOF were carried out as described in previous studies (10, 16, 68 ) (see SI Materials and Methods for further details). Dissections were performed for each subject in the native space and in both hemispheres. The color fiber-orientation maps were resliced in axial, coronal, and sagittal planes and displayed in conjunction with tractography results to allow an approximation to the neuroanatomical location of the tract reconstructions. Because brain regions may have significant interindividual differences, ROIs were manually defined (i.e., the dissector placed the ROI according to individual anatomical landmarks, rather than coordinates or atlas-based constraints that may not apply to each single subject). The approach does not constrain tracts to start and end within the defined regions (SI Materials and Methods).
Tracts-specific measurements. The number of streamlines (Ns), FA, and RD were extracted and averaged along the entire segmented tract (22) . Ns is considered as a surrogate measure of tract volume; FA is considered as a measure linked to axonal architecture and myelination; RD describes miscroscopic water movements perpendicular to the fibers (69) and has been postulated to reflect myelin content along the axon. Demyelination (42) and severe tissue injury (70) have been associated with increased RD. Statistical analysis. The statistical analysis was performed using the SPSS software. Pearson's correlation analysis was performed between the learning performance (d′ index) and the DTI measures (Ns, FA, RD) along each segment (long, anterior, posterior) of the AF as well as for the IFOF pathway from both hemispheres (Fig. 1B) . Correlations were considered significant at P < 0.0062 after Bonferroni's correction for multiple comparisons. Values that were greater than two SDs from the mean were considered outliers and were removed from the analysis (see Tables S1 and S3 for the final sample of each correlation analysis). A lateralization index was calculated for the Ns and FA according to the following formula:
(SI Materials and Methods) (16).
fMRI. Preprocessing. Data were preprocessed using Statistical Parameter Mapping software (SPM8, Wellcome Department of Imaging Neuroscience, University College, London, United Kingdom, www.fil.ion.ucl.ac.uk/spm). Preprocessing included realignment, coregistration between the mean functional and the structural T1, segmentation, normalization, and smoothing with an 8-mm FWHM Gaussian kernel. Normalization was performed using DARTEL (71) . Statistical analysis was based on a least-squares estimation using the general linear model by convolving a box-car regressor waveform with a canonical hemodynamic response function. Two main conditions of interest were modeled, language and rest. Parameters from head movement, obtained from realignment, were also included in the model. Main effects for each condition were calculated and the contrast of interest (language vs. rest) was estimated for each participant. A second level RFX analysis was performed by using a one-sample t test on the main contrast derived from the single subject data. Results are shown at a P < 0.05 false-discovery rate (FDR)-corrected ( Fig. 3B and Table S5 ). Functional connectivity (fcMRI) and statistical analysis. Three ROIs were manually defined based on the anatomical gyri around the territories connected by the direct and the indirect segments of the AF (SI Materials and Methods and Fig. S3 ). The predominant tissue in each of the ROIs defined for functional connectivity analyses was gray matter (around 65%) (see SI Materials and Methods and Table S6 for further details). First-level subject-specific language vs. rest contrasts were masked with the defined ROIs, and for each subject, the peak coordinate within each ROI was selected. Eight-millimeter radius 3D-seeds were placed at the selected coordinates and mean voxel time-course series was extracted. These mean time courses were low-pass filtered and had the linear trend removed. MATLAB toolbox for functional connectivity (72) includes a function that calculates the relationship between two regions, after taking into account the influence of any other area. This toolbox was used to calculate correlations between the time series of each pair of territories. Finally, this correlation was transformed to a normal distribution using Fisher's z transform (73) .
Functional-behavioral correlations were performed for the areas in the frontal, temporal, and parietal cortices that the direct and the indirect segments of the AF connect (Broca, Wernicke, and Geschwind territories, respectively). Each subject's z-transformed left and right correlations were regressed with behavioral performance (d′ scores). 
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Regions of Interest for Virtual Dissections. Tractography of the arcuate fasciculus. A two-regions of interest (ROI) approach was defined to encompass the streamlines of the arcuate fasciculus (AF), allowing us to differentiate the direct (long) from the indirect (anterior and posterior) segments. This approach has been previously described (1, 2) . First, to dissect the long segment, located medially with respect to the indirect segments, two ROIs were created in the frontal and the posterior temporal cortices. To draw the frontal ROI, an area was defined on a coronal slice anterior to the central sulcus, where fibers of the AF are colored in green (indicating anterior-posterior orientation) in the color fiber-orientation map. The temporal ROI was defined on an axial slice through the posterior portion of the temporal stem; the voxels contained by this ROI appeared as blue, indicating dorsal-ventral orientation of the underlying fibres. All streamlines passing through these frontal and temporal ROIs were attributed to the long direct segment of the AF and were labeled in red for display purposes (Fig. 1B) . To dissect both the anterior and the posterior indirect segments, constituting both the lateral indirect pathway of the arcuate, a third ROI was selected in the inferior parietal region (Geschwind's territory). This ROI was defined on a sagittal slice around the borders of the angular and supramarginal gyrus. All streamlines passing through the frontal and parietal ROIs were attributed to the anterior indirect segment and those passing through the parietal and the temporal ROIs were considered to belong to the posterior indirect segment. Anterior and posterior segments were colored in green and yellow, respectively, for display purposes (Fig. 1B) . The same approach was repeated for the right hemisphere. Tractography dissections of the inferior fronto-occipital fasciculus. To dissect the inferior fronto-occipital fasciculus (IFOF), two spheres of 7 mm were used. The first sphere was located in the white matter of a posterior region located between the occipital and the temporal lobe. The second sphere was located on the white matter of the anterior floor of the external/extreme capsule, encompassing the fibers running from the temporal to the frontal lobe (3). Fig. S1 shows an example of the IFOF in one subject.
ROIs for Functional Analysis. Three large ROIs were manually drawn on the left and right hemispheres over the normalized mean structural T1 template from all participants using MRICRON software (4) . The ROIs were drawn on consecutive slices following a lateral to medial direction (Fig. S3) . The frontal ROI (covering Broca's territory), which encompasses the posterior part of the inferior frontal and middle frontal gyri and the premotor cortex, was drawn around the dorsolateral and ventrolateral prefrontal cortex anterior to the inferior and superior precentral sulcus. The temporal ROI (covering Wernicke's territory) encompasses the posterior part of the superior and middle temporal gyri and was drawn from the primary auditory cortex to the posterior part of the temporal cortex, covering both the middle and the superior temporal gyrus. The parietal ROI (covering Geschwind's territory) included both supramarginal and angular gyri in the inferior parietal lobe (Fig. S3) .
As the ROIs were defined manually, we needed to control for the amount of white matter in each region. A ROI including mostly white matter might not show the most important functional peaks (which would be restricted to gray matter), leading to biased functional connectivity results. To calculate the amount of gray matter and white matter inside each anatomical ROI, the group gray matter and white matter templates calculated during DARTEL normalization (see Materials and Methods) were used. By overlapping each of the ROIs, which were depicted using the normalized mean structural T1 template, with the mean gray matter and white matter templates, the amount of each tissue inside of each anatomical ROI was estimated. Two measures, percentage of tissue overlap and the Dice Similarity Index were extracted (DSI) (5) . Percentage of tissue overlap was defined as the percentage of gray matter or white matter volume inside the anatomical ROI ðV GM=WM * 100=V ROI Þ. DSI ranges between 0 and 1 (0 indicating no overlap and 1 indicating a perfect similarity) and takes into account both false negatives and false positives. In this case, the DSI was defined as twice the overlap between the volume of gray matter or white matter and the volume of the anatomical ROI, divided by the total volume sum
. DSI values between 0.6 and 0.8 have been
regarded as an indicator of good overlap, and values exceeding 0.8 are considered excellent (6, 7) . Results are shown in Table S6 . Both measures of overlap show clearly that gray matter is the predominant tissue in each of the ROIs, constituting around 65% of the brain tissue inside each anatomical ROI and yielding an extremely high DSI (around 0.80). On the other hand, it is important to note that for the functional connectivity analysis, the mean blood oxygen level-dependent (BOLD) response was extracted from an 8-mm radius seed around each subject's specific peak maxima inside each of the anatomical ROIs. Thus, taking together that most of the anatomical ROIs are constituted of gray matter and that the BOLD signal was extracted from the mean response of all of the voxels inside an 8-mm radius seed, the possibility of white matter voxels tampering with the functional connectivity analysis is low.
Behavioral Performance: d′ Analysis. To obtain a measurement of the participants' performance in the word learning test without response bias (e.g., the trend to answer "Yes" in all of the trials, resulting in a 50% of hits), their behavioral responses were transformed to d-prime (d′) (8) . d′ reflects an individual's ability to distinguish true signals (presented words) from noise (nonpresented words). For each participant, the proportion of hits (i.e., previously presented word correctly identified) and false alarms (i.e., nonpresented words identified as previously presented) were used to calculate a d′ score. Then, a one-sample t test against 0 (d′ = 0 corresponds to no discrimination) was performed to evaluate if participants were able to discriminate words presented in the artificial language from nonwords.
Lateralization analysis.
Tractography. Individual dissections of each of the three segments of the AF in both hemispheres suggested an asymmetrical pattern of distribution (Fig. S2A) . To confirm this finding, the lateralization index for each segment-long, anterior, and posterior-was calculated for the number of streamlines and the fractional anisotropy (FA). The lateralization index has been used in previous studies to assess microstructural differences in WM structures between hemispheres (2, 9). The lateralization index ranges between −1 and 1, where negative values represent right lateralization, values around zero represent symmterical distribution, and positive values a left lateralization. A onesample t test (test value = 0) was used to assess the significance of the lateralization for the three arcuate segments and the IFOF. For the number of streamlines, two segments of the AF showed a clear pattern of lateralization: the long segment showed a left lateralization (Fig. S2B, red dots, and Table S2 ) and the anterior segment showed a right lateralization (Fig. S2B , green dots, and Table S2 ). The posterior segment showed a symmetrical distribution (Fig. S2B , yellow dots, and Table S2 ). After removing an outlier, the anterior segments showed greater right lateralization [n = 20, mean lateralization index: −0.42, t(19) = −4.8, P < 0.0001]. Twenty-five percent of our sample showed an extreme left lateralization of the long segment. This pattern of lateralization, showing a left lateralization of the long segment, a right lateralization of the anterior segment, and a symmetrical distribution of the posterior segment, replicates previous results in healthy adult subjects (2) . Similarly, lateralization analysis was calculated for the FA. A rightward distribution of the anterior segment was found (Table  S2) . Finally, lateralization analysis of the IFOF indicated a symmterical distribution in the number of streamlines (Fig. S2 , blue dots), with a left lateralization for the FA (Table S2 ).
Functional connectivity. To explore a possible relationship between learning scores and functional lateralization, the lateralized difference in hemispheric connectivity was calculated (10) . This was done by simply subtracting, for each subject, the left z-transformed correlation minus the right z-transformed correlation (Left Hemisphere-Right Hemisphere) for each pair of regions connected by the direct and the indirect segments of the AF (Broca-Wernicke, Broca-Geschwind, Geschwind-Wernicke). Functional MRI main contrast of interest. Distinct brain regions, covering motor and auditory areas, including the bilateral superior temporal and posterior superior temporal cortex, bilateral premotor cortex, and left inferior frontal gyrus, showed significant activation in the language versus baseline second-level group contrast at a P < 0.05, false-discovery rate (FDR)-corrected threshold ( Fig. 3B and Table S5 ), replicating previous functional MRI findings (11, 12) . LI ranges from 1 to −1, where positive values indicate a leftward asymmetry and negative values indicate a rightward asymmetry. AF, arcuate fasciculus; FA, fractional anisotropy; IFOF, inferior occipito-frontal fasciculus; LI, lateralization index; Ns, number of streamlines; n.s., not significant. *P < 0.005; **P < 0.0001. Correlations were performed for different surrogate DTI measures of volume and white matter miscrostructure: FA, fractional anisotropy; IFOF, inferior fronto-occipital fasciculus; NS, number of streamlines; n.s., not significant; RD, radial diffusivity. None of the correlations survived Bonferroni's correction for multiple comparisons. 
